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AER Traffic Light System - N o o )
Duvernay Zone, Fox Creek b ‘ ‘ _
|

Objective and Scope B>

- Objective — Examine relationships O ey R
between subsurface geologic conditions | B8l < zov || |~
and operational parameters that resultin | I = RE
Induced seismic (IS) events RN
« Traffic Light Protocol (TLP)
v Study area — Subsurface order #2: implemented for oil and gas
incorporate all induced seismicity data operations specifically targeting

the Duvernay Formation in the

received through regular reporting Fox Creek

channels, all operational hydraulic
fracturing operation data in AER * Mandated assessment of
databases; including tour reports, service hazards, monitoring, reporting,

.. and a planned response to set
company frac reports & D59 submissions magni":ude threshoﬁds
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Role of the AGS

Providing the most relevant and up-to-date geoscience
information and advice in formats readily accessible to
government, industry, and the public

Alberta
'i Reguiator Rl

Research Initiatives ~ Products ~ Public Geoscience ~ About the AGS ~

Alberta
A Encrgy
& Reguiator

AGS

Quicklinks

All Publications
Interactive Apps and Maps

Geological Framework Alberta

Table of Formations.

i : Earthquake Dashboard
Geothermal Energy Surface Geology
The rocks and fuids in Alberta's subsurface Alberta’s awell G ion Tools
contain vast amounts of heat energy generated  legacy of glactal and nonglacial sediments lying
and stored wilhin the Earth’s crust. at or near the ground surface. What's New

Seismic monitoring and hazard mapping

Geological modelling

!

Geological Framework
Program Overview

Leam about the Geological
Framework Program.

More Details

Learn How to Access and
Use the GFA Model Data

Leam how to use the Geolc
Framework of Alberta mode

More Details

Alberta's Geology
Minecraft

We created Minecraft mode
regions of Alberta from our

More et e
o

Regional 3D Property

Modelling

models

More Details

B

Alberta’s Earthquake
Dashboard

The dashboard provides information
relating to earthquakes in Alberta

More Details

Naturally Occurring
Earthquakes

Large, naturally occurring earthquakes.
are very rare In Alberta.

More Detalls

Leam about our regional 30 property

Geological Framework of
Alberta Version 3 Model

Human-activity Induced
Earthquakes

Many earthquakes in Alberta are
triggered by human activities.

More Details

Reporting an Earthquake
You Felt

Did you feel an earthquake In Alberta?
Report the event here!

More Detalls




Potential Benefits

In addition to understanding the influencing hydraulic fracturing
operational parameters and co-dependencies of geological
conditions; this model:

> Model predictions, if validated, may be used as a guide to
minimize the incidence of induced seismic events

» Deeper understanding of key variables may be applied to
disposal / injection applications

> Potentially extrapolate / apply similar approach to other
areas/activities
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Modelling Approach

2 Spatio-temporal association
* HF wells with neighbouring
seismicity < 5 km

* Earthquakes fall within 3
month time window of pad
operations

1 Seismogenic state
(classification approach)

v Earthquake cluster
maximum magnitude
(regression approach)

Natural Earthquake Rate O p e rati O n a-l

parameters
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Geological Factors

> Geological surfaces from the geological framework of Alberta
7 Regional stress data from Shen et al. (2018)

Spatio-temporal association of earthquakes ~ Geological predictors
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Operational Factors

~ 800 wells used in SSO2 (2010 - 2021)

Carrier fluid volumes, proppants,
additives from D59 submissions

Breakdown and treating pressure,
injection rates, ISIP from tour/frac reports

> 30 different operational factors

Large amount of missing data from
partial digitization and differences in
reporting

Missing data imputed by semi-automated
methods based on k-nearest neighbours

vdepth_SwanSlave-

Missing data

temp_gradq =

SV o«

shmin_grad- =
SH_azimuth o
res_pres_grad- =
res_pres+ o
proximity_swan_slave- =
proximity_reefs- o
proximity_leduc+ «
Dv_isopachy
drilling_commencement_date- =
depth; =

Dv_zone- o
gross_completion_length+ =
vdepth_PreC-
mean_toc

mean_phiy

mean_carb-
reported_fracture_counts
azimuth_sh_deltas
azimuth+
fluid_quantity for well; =
fluid_average_per_frac- =
energized; =~

additives =
proppant_total_per_frac+
proppant_total_for_well =
treating_pressure_average- =
isip+ =~
breakdown_pressure- =«
treating_pressure_max- =

injection_rate_average

injection_rate_max- =~
treating_pressure_min- =

injection_rate_min+

isip_5min- ==
isip_1min- =«
injection_rate_slurry- =
injection_rate_clean- =

injection_rate_combined-
isip_minifrac-
isip_2min-

breakdown_minifrac{ ==

0%

=2

25% 50% 75%
Proportion of missing data

100%

Category

B Good
OK
Bad

B Remove



Visualise

-

Transformations e ) — oo

Understand

Additives raw data

component_supplier_name — component_trade_name — component_quantity_uom additive_purpos
1 BJ Services Hydrochloric Acid 15% kg Acid
2 BJ Services Hydrochloric Acid 28% kg Acid
3 BJ Services
One-hot encoded
4 BJ Services
additive_crosslinker §  additive_surfactant §  additive_activator §  additive_gelling_agent §  additive_corrosion_inhibitor §
5) Step Energy S
1 100/01-01-060-18W5/00
6 Trican
2 100/01-01-063-20W5/00 1 1 0 1 1
7 Step Energy 5
3 100/01-04-062-24W5/00 0 0 0 0 0
8 Step Energy S
4 100/01-07-064-20W5/02 1 1 0 1 1
5 100/01-09-062-24W5/00 0 0 0 0 0
6 100/01-11-062-20W5/00 1 0 0 1 1
Previous ‘ 1 ‘ 2 3 4 5 78 Next
< >
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Transformations

Correlations between additive usage sz . . .
I Additive groups from hierarchical clustering
additive_bactericide_biocide

ction_reducer

additi

1.0

additiv

solvent

additive_iron_control

additive_corrosion_inhibitor

additive_surfactant

additive_gelling_agent

06

10
additive_crosslinker -

aker |
aker | . 00

additive
additive_buffer

additive_demutsifier

0.4

additive_defoamer

additive_clay_contro

0.2

additive_diverting_agent |
additive_conductivity_enhancer

additive_foamer

0.0

additive_activator

Groups: (1) viscosity altering agents (gelling, crosslinkers, breakers); (2) energized fluids; (3)

acids/rust prevention (iron/corrosion control); (4) viscosity altering agents with acids AR 11



Exploratory Analysis

Surfactant

Solvent

Scale inhibitor

Iron control

Gelling agent
Friction reducer
Foamer

Energizing fluid
Diverting agent
Demulsifier
Defoamer
Crosslinker
Corrosion inhibitor
nductivity enhancer
Clay control

Buffer

Breaker
Bactericide biocide
Activator

Acid

Proportion of seismic wells vs. additive types
Dotted line shows proportion of seismic wells

Injection rates vs. additives
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Exploratory Analysis

Fluid volumes, rates, pressures

Fluid volumes | Injectionrates  Pressures  Proppants

Fluid per stage

30
20
10
0
0 1000 2000 3000
Fluid per well
=25 — [ State
c
2 fg aseismic
10 seismic
5
0
0 30000 60000 90000
Fluid per pad
40
30
20
10
0
0 30000 60000 90000
Volume [m3]
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Exploratory Analysis

Fluid volumes, rates, pressures

Fluid volumes | Injectionrates @ Pressures Proppants

15
10
Inj
» B ey —— Seismic stat
c
g 20 aseismic
o 0w - e 0 [ selsmic
0
Inj
10.0
75
5.0
25
0.0
0 5 10 15 20
Rate [m3/min]
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Exploratory Analysis

Fluid volumes, rates, pressures

Fluid volumes

OO~
Smomom

Count

omo~NG
Somowmo

Injection rates

Breakdown pressure

Treating pressure max

25000

Treating pressure min

50000
Pressure [kPa]

Pressures

75000

Proppants

Seismic state
aseismic

seismic
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Exploratory Analysis

Fluid volumes, rates, pressures

Fluid volumes  Injectionrates  Pressures | Proppants

Total proppant vs. seismic state
e-04

1
5e-065
0e+00

u ||“ |I!|h'

~
(=]

Seismic state

Density

o

10000 20000
Proppant quantity per well [MT]
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Feature Engineering

Additives aggregated into groups

Use of energizing fluids

Proppant usage by size (also examined type)

Total proppant usage (by well and per stage)

Well bottom elevation - Precambrian top (depth to basement)
Well bore azimuth difference from SH max azimuth

Number of wells on pad

g e e o

Total fluids per pad

AER 17



flipper_length_mm

flipper_length_mm

210

210

Evaluated Models

Example decision boundaries from different ML models

Logistic regression

3000

Random Forests

3000

3500 4000
body_mass_g

3500 4000
body_mass_g

4500

4500

MARS

°
=

Bias-variance trade-off

Low Variance High Variance

flipper_length_mm

Low Bias

High Bias

flipper_length_mm

3000 3500 4000 4500
body_mass_g
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Model Evaluation Approach

Random forest model with

Time-based Estimation

. Training . Testing

Time
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Model Explanations - SHAP

SHAP importance

SH azimuth, ISIP, treating pressures and proximity to basement represent

SH_azimuth
res_pres_grad
temp_grad
treating_pressure_average
isip

wiepth_PreC

mean_cart
treating_pressure_max
azimuth_sh_dela
shmin_grad
breakdown_pressure
gross_completion_length
Dwv_isopach

mean_phi
reperted_fracture_count
injection_rate_average
proximity_leduc
proppant_total_for_well
fluid_guantity_for_well
proximity_reefs
vdepth_SwanSlave
n_wells

mean_toec

additive2

additivel
flukd_average_per_frac
proppant_total_per_frac
additived

additive3d
energized_non.energized

The mean absolute SHAP values are the average
of how much sach feature impacts the probability of seismicity,
averaged over every data point

=
2 ulll“""l"l""

=
©

pry

0.02

[=]

mean(ISHAP valuel)

0.03

:’.:'.\
=
=
wn

the most influential parameters Geologlcal features

that act as proxies
structurally
influenced areas
(SH azimuth, vertical
depth to basement,
temperature
gradient) are
important, with
reservoir pressure
and treating
pressure.
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SHAP Feature Dependencies

Geological proxies and correlated variables

SH azimuth Temperature gradient
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021 o oy ¥, ..."‘-.;;S:
‘-* ‘.- L
o . Oul IR 0054 g, = 2
- P | .o" LAY L ’ se o °
% 0.1 ! . % e &
? R 0.00 B
(N - °
0.0 LI ' W et
L ] L - C e - e
ey o
T T T T T T T
39 42 45 30 35 40 45
azimuth_sh_delta SH_azimuth
BN N
40 50 60 70 80 37.5 40.0 425 45.0
Vertical proximity to basement Reservoir pressure gradient
- 0.15 - %3
0. 1 0 = . c- ~
2 0.10- 3.
R .‘.. & i,
0057 « og T 0.05- o
k] n . ]
0.00 ) - I 0.00 i >t
| e T TP 7 e s ouershrte e
2 ese o o .
' , : — -0.05 - : : 4 . ,
300 400 500 600 14 15 16 17 18 19
SH_azimuth injection_rate_average
I S

37.5 40.0 42.5 45.0

5 10 15 20

AER 22



SHAP

SHAP

SHAP Feature Dependencies

Operational factors

Treating pressure (average)

Wellbore azimuth delta from SH azimuth

Fluid quantity for well
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SHAP — Geological Context

High fluid volumes only relevant in geologically-susceptible areas

Shapley values fluids Well locations
0.02 .
L] .
S".t ‘* 4 6.06M
L
0.01 .t : ..c o o
\‘ 0o p " » . 6.04M
0 - ..: *_-,._\,-;;2.‘:73‘:;'.:.
vrfair, ) $ oo
B, e ?
o t . 6.02M
-0.01 . ®
L
. e
—-0.02 L ‘e 6M
-0.03
5.98M
-0.04
5.96M
0 20k 40k 60k 80k 100k 300k 350k 400k

Fluid quantity for well

The fluid volumes that result in the highest IS estimates relate to observations that
have both high volumes and are located in geologically-susceptible zones
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Features selected based on those that have the maximum
correlation with the target variable, and the minimum correlation

with other selected features

mean

Feature Selection

MRMR - Maximum Relevance and Minimum Redundancy
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Local Test Cases

intercept

SH_azimuth = 37 4409408569336
isip = 57400

res_pres_grad = 19.3220806121826
temp_grad = 29.5940933227539
breakdown_pressure = 63600
treating_pressure_average = 67700
Dwv_isopach = 44 897216796875
n_wells =1

azimuth_sh_delta = 78 6209408569336
proppant_total_per_frac = 315937332
gross_completion_length = 2523
proppant_total_for_well = 11373.744
vdepth_PreC = 363.866005859375
treating_pressure_max = 71100
proximity_reefs = 274 736358642578
fluid_quantity_for_well = 61825 206
mean_toc = 4.06142233610926
mean_phi= 0.0682215697785567
energized_non energized =1
reported_fracture_count = 36

+ all other factors

prediction

54.6°N
Break Down profile
Random Forest
: 54.4°N 4
| 0.152
+0.19
+0.096
+0.08 )
+0.027 542
+0.026
-0.004
-0.001
0.0 54.0°
-0.011
-0.004
+0.057
+0.043 53.8°
+0.078
+0.001
‘ +0.011
+0.021
-0.003
+0.023
+0.008
: +0.0684
' ) +0.001
: 0.846
0.00 0.25 0.50 0.75 1.00

T
117.0°W

T
116.5°W

Example - two pad locations
(aseismic and seismic) held

out from the model
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How could the model be used?

Azimuth delta Breakdown pressure Duvernay thickness Fluid per well Completion length Ceteris

——~" " Paribus

Profiles
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Summary & Next Steps

> Results indicate that HF operational parameters broadly influence
susceptibility to seismic activity

« Treating pressure: A new finding; previous work focused on fluid
volumes

 Geology: Several geological parameters act as proxies for
structurally-influenced / susceptible areas — modelling reveals
Interplay with several operational parameters

7 Next steps:

« Finalize modelling and increase data completeness

« Model monitoring - apply to future IS events and monitor

performance
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